Abstract: This paper deals with online controlled propagation and vibration-based detection of fatigue cracks in metal beams constituted of two different materials: 6082-T651 aluminium alloy and Fe430 steel. The study addresses the initiation and propagation of cracks in the structures and their influence on the free-vibration dynamic response. One of the original aspects is the introduction of an actual fatigue crack instead of -as is usual -a narrow slot.
INTRODUCTION
Experimental tests and analytical methods for crack detection in beams were proposed in the literature by assuming damage as a narrow slot without closing effects [1] [2] [3] .
Among a considerable number of papers reported in the technical literature, the detection of actual fatigue cracks [4] [5] [6] has not been a research topic. One possible reason is the difficulty to initiate and propagate an appropriate fatigue crack [7] and the technical simplicity to create a slot. Fatigue crack and slot, even narrow, exhibit different mechanical behaviour [8] . In fact, a slot has a measurable width which prevents any interaction between the two surfaces of the slot itself, and hence it remains open during vibration. On the contrary, this interaction strongly influences the dynamic response of a damaged beam because of the closure effects inherently related to the so-called 'breathing crack' [9] . Nevertheless, several researchers assumed in their work that the crack in a structural element was open and remained open during vibration. Such an assumption was made to avoid the complexities that resulted from the non-linear characteristics presented by introducing a breathing crack.
Thus, the first goal of this work was the generation of one single-edge crack in simply supported beams with rectangular uniform cross-section by means of high-cycle fatigue loading; the transverse surface crack extended uniformly along the width of the beam and laterally had uniform depth. In more detail, the crack was initiated with a tiny saw cut and propagated to the desired depth by three-pointbending tests; a servo-hydraulic machine (MTS 810) under load control was used to this end. Furthermore, the experimental tests were numerically predicted by applying the Paris-Walker growth law. The depth of the crack was measured directly by a travelling microscope and verified with two control techniques which were originally designed and implemented; the first one used strain gauges with stepwise variability of electrical resistance as long as the crack grew up; the second one was based on the reduction of structural stiffness which was measured online and compared with the results of an analytical model of the beam. The specimens of metallic beams were made of two different materials: aluminium alloy [10] [11] [12] and mild steel [13, 14] . The extension of the proposed forecasting procedures to real and more complex structures could be considered, such as sandwich components [15, 16] , plates [17, 18] , I-beams [19] , and welded structures [20, 21] , as well as the application to other scenarios of structural damage [22] [23] [24] .
Once the crack had spread, one end of the beam was clamped to a base which was bolted to a test table; so far, the second aim of this paper was the detection of the damage in the cantilever beams by means of free vibration tests, performed by striking the free end of the beams with an impact hammer and recording the acceleration of the beam tips by a PCB 50 g full-scale piezoelectric accelerometer. Indeed, as observed at the beginning of this section, the application of a detection method to an actual fatigue crack represented an experimental challenge, owing to the strong nonlinear behaviour of the cracked beam. The spectral and decaying analysis of acceleration time-histories allowed for damage detection by evaluating the natural frequencies and damping ratios respectively in the damaged beams and by comparing their variations with respect to the intact beams [25] [26] [27] [28] . Measuring and considering the changes of the above-mentioned modal parameters in the presence of nonlinear effects, due to the breathing behaviour of an actual fatigue crack, allowed the effectiveness of this linear detection method to be improved, and simultaneously the development of a fully nonlinear technique for damage detection to be enhanced [29] [30] [31] [32] .
FATIGUE CRACK GROWTH

Material data
Two test specimens of 6082-T651 aluminium alloy and Fe430 steel having a 20620 mm square crosssection were considered. According to the UNI10002 European Standard for Testing Materials Tensile, specimens with test circular sections of 9 mm diameter were carved from a bar. The specimens were then slowly pulled in tension at a constant speed by a mechanical-screw-driven machine, where they were gripped until failure occurred. The tensile tests provided the experimental force-strain diagrams; using cross-section nominal stress and carrying out linear regression of the proportionality range of the data enabled the values 69.5 and 208.7 GPa respectively of the Young's moduli to be estimated, whereas the values 210 and 305 MPa of the yield stress corresponded to the plateau level.
The geometrical and mechanical characteristics of the specimens provided from the factory and experimental tests are given in Table 1 . The cantilever beams had total lengths of 710 mm for the aluminium alloy material and 530 mm for the steel one.
Three-point bending test
Test description
With reference to the structures and materials defined in Table 1 , notches were first produced along the upper edge of the beams in order to facilitate crack initiation. Specifically, rectangular grooves with U-shaped bottoms of approximately 0.5 mm width and 1 mm depth were machined by a milling machine; moreover, micro-mechanical slides were used to achieve optimal alignment and uniform length along the width of the beam, without applying any load except the pressure due to the milling machine.
Both sides of the specimens were mirror polished, in order to monitor the crack propagation by means of a travelling microscope. Second, the notched beams were forced by the three-point bending tests, in which the span between the supports was 300 mm long and the load P was applied at mid-span on the upper edge of the beam (Fig. 1) . The fatigue cracks were produced by applying to the specimens a constant amplitude cyclic loading within a range, the extreme values of which are denoted by P min and P max . A servohydraulic testing machine (MTS 810) was used, characterized by 500 kN capacity and ¡100 mm maximum displacement; the testing machine was driven by the MTS Test Star IIs software. The loads and the loading point displacements were measured by means of a displacement transducer and a force transducer respectively that are integral to the actuator for position measurement and control and are coaxially mounted. In addition, an external PCB piezoelectric load cell was applied inbetween the specimen and the actuator. The precisions of measurements were equal to:
¡0.05 per cent, for the load; ¡0.1 per cent, for the displacement; ¡0.01 per cent, for the time.
Cracking was achieved under load control with a stress intensity factor higher than the threshold but well below the fracture toughness of the materials. During cyclic loading, the crack growth was monitored on both sides of the specimen by using both the physical and analytical techniques of measurement control described below. In order to perform the numerical simulation of the experimental fatigue tests at hand, the applied loading was assumed to be cyclic with constant values of the maximum and minimum values P max and P min . For fatigue crack growth work, it was convenient to use the load range DP (5 P max 2 P min ) and the stress ratio R (5 P min /P max ).
It was considered to be a growing crack that increases its length by an amount Da owing to the application of a number of cycles DN. The rate of growth with cycles can be characterized by the ratio Da/DN, or, for small intervals, by the derivative da/dN. Various empirical relationships were employed for characterizing da/dN, and one of the most widely adopted equations is [33, 34] da dN~C
where the material properties C ), m 1 5 2.44, and c 5 0.79 for the steel, were applied from reference [35] . Equation (1) shows the dependency of the crack growth rate da/dN on the stress ratio R and on the stress intensity range DK (i.e. the maximum/minimum range for stress intensity factor K during a loading cycle) [35] . The expression assumed for DK was the following [36] 
where where DP is the cyclic load range; L, h, and b are respectively the length, the height, and the width of the beam; a and s 5 a/h are respectively the depth and the severity of the crack. Unfortunately, equation (1) cannot be integrated in closed form, hence the necessity of numerical integration, such as Simpson's rule. In order to accomplish this task, it is convenient to invert and suitably discretize equation (1) in 'n' intervals Da j 5 a j+1 2 a j (j 5 1, 2, …, n), within the range of initial and final values a i and a f of the crack size a. The initial integral is substituted by a summation
At low growth rates, the curve da/dN versus DK [37] generally becomes steep and appears to approach a vertical asymptote denoted DK TH (5 [35] ); i.e. the 'fracture toughness' due to a rapid unstable crack growth just prior to final failure of the test specimen. Rapid unstable growth at high DK sometimes involves fully plastic yielding. In such cases, the use of DK for the portion of the curve is improper as the theoretical limitations of the K concept are exceeded.
Numerical analysis and experimental tests
The above-outlined numerical approach was applied to the fatigue tests of aluminium alloy and steel beams, in order to forecast with sufficient accuracy the number of cycles and time durations required to perform the experiments at hand. For both materials, loading was applied at a frequency of 20 Hz and the integration of equation (3) The three-point bending tests for fatigue crack growth are described below up to the attainment of the final lengths of 6.5 mm, both for the aluminium alloy (a) and steel (b) cases. In the simplest form of a fatigue crack growth rate test, a cyclic load was applied between fixed maximum and minimum levels, as in the above-outlined numerical simulation, to the specimens already described. A closed-loop servohydraulic testing machine (MTS 810) was utilized to apply the cyclic load for these tests as already illustrated in Fig. 1 . As the test proceeded with the crack growing, data of deflection at midspan versus number of load cycles were recorded (Fig. 3) . The beam stiffness was calculated as load/deflection ratio at mid-span versus number of load cycles, and plotted in terms of number of load cycles (Fig. 4) .
(a) The test took about 138610
3 cycles (about 1 h 55 min). A slight decrease of the curve was visible almost at the beginning of the test, and the length of 6.5 mm was attained after 137 500 cycles, after a steep descent. Therefore, the number of cycles required physically to propagate the crack up to the final length was quite similar to the values of the numerical prediction (130 578) with approximately a 5 per cent error. The deflection at mid-span increased by 30 per cent ( Table 2 , Fig. 3(a) ), and the stiffness decreased by 25 per cent ( Table 2 , Fig. 4 
(a)). (b) The test required 110610
3 cycles and lasted 1 h 30 min. Also, in this case the initial part of the experimental curve showed a soft descent and the size of 6.5 mm was reached after 5110 000 cycles with an abrupt fall. Once again, the analytical computation provided a reasonable approximation of the number of cycles (100 583) actually needed for the crack to attain its final length with approximately a 9 per cent error. The deflection at mid-span augmented by 8 per cent (Table 2 , Fig. 3(b) ), and the stiffness reduced by 16 per cent ( Table 2 , Fig. 4(b) ).
Along the upper edge of the beam, the bottom of the rectangular groove with the U-shaped bottom and 
Test controls
As is known from the theory, when the crack starts to grow, the quantity DK increases and so the growth rate da/dN also increases. Consequently, it was necessary to trace carefully the propagation of the crack during the test.
The numerical prediction and the online plotting of the above-cited deflection and stiffness at midspan helped crack development to be understood. Furthermore, a visual control was performed by a 50 times zoom travelling microscope, as shown in Fig. 6 (solid line) for the aluminium alloy beam. However, the need for more effective procedures that could control crack propagation with sufficient accuracy suggested the implementation of new control tools. In order to achieve this, two types of control procedure were implemented, namely a physical and an analytical one.
The first control experiment was actuated by an electrical measurement, in particular via a 'crack propagation gauge' (Vishay Micro-Measurements, Fatigue crack growth, free vibrations, and breathing crack detectionTK-09-CPA02-005). This is a particular strain gauge whose pattern consists of 20 resistor strands of different lengths, installed with a solvent-thinned adhesive over the crack propagation area of the specimen. Each strand is insensitive to the elastic deformation, unlike the standard strain gauge; on the contrary, when bonded to the beam, the propagation of the fatigue crack through the gauge pattern causes successive open-circuiting of the strands, resulting in an increase of total resistance and consequently of the measured voltage. These electrical jumps allow the time history of the crack propagation to be recorded and a specific point in the fracturing process, i.e. the progressive length of the crack, to be determined, as shown in Fig. 6 (dashed line). Therefore, the last jump, corresponding to the fractured strand positioned at 6.5 mm from the edge, occurred at 137 500 cycles, i.e. 1 h 54 min, the actual time reported in Table 2 for aluminium alloy. The second type of control was an analytical procedure based on the elaboration of experimental data; in particular, it was able analytically to calculate the crack length (numerical output result) on the basis of displacements v and forces P (experimental input data) measured at the load point. In order to accomplish it, two models were formulated and then compared. On one hand, the cracked beam was modelled as a simply supported beam having a rotational spring of elastic constant K R at mid-span. The expression of the deflection v as a function of the geometry (half-span L and bending stiffness B), of the load P, and of the value K R of the spring stiffness is
Rearranging equation (4) as a function of K R yields
where K R depends on deflection v and load P (i.e. experimental input data). On the other hand, an expression which relates K R to the crack length a was developed in the case of plane stress under bending [38] 
where b and h are respectively the width and the height of the beam cross-section, E is Young's modulus, and the non-dimensional severity of the crack s is the ratio between the length a of the crack (i.e. numerical output result) and the height h of the cross-section. The crack severity s and consequently the length a of the crack were determined by equalizing the righthand members of equations (5) and (6) via leastsquares optimization based on the Gauss-Newton method. In this way, during the fatigue growth test, the numerical value of the crack length was predicted on the basis of experimentally measured displacements and loads. In other words, this procedure allowed the crack growth to be evaluated online by combining experimental measurements of loads and displacements with the analytical model of the cracked section based on linear fracture mechanics concepts, equation (6), and with the analytical model of the beam based on simple beam theory with local flexibility.
As plotted in Fig. 6 (dotted line) for the aluminium alloy specimen, the elaboration of the experimental input data led to the calculation of the output crack length. In particular, the length of 6.5 mm occurred at 137 500 cycles, as reported in Table 2 .
Validation of results
Combining on-site experimental measurements of the effective length of the cracks by travelling microscope, and the above-described procedures for test control, enabled: the crack propagation to be traced with sufficient accuracy during the tests; the fairly good agreement between experimental and numerical results to be observed; and the analytical models used to simulate the growth of the propagating crack and the behaviour of the damaged beam to be validated. Figure 6 shows the superposition of the curves obtained respectively by: In other words, as far as the aluminium alloy specimen was concerned, the experimental measurements, reported in columns 4 and 5 of Table 2 and shown in Figs 3(a), 4(a) , and 6, indicated that the desired crack length of 6.5 mm was attained after the repetition of 137 500 cycles at 20 Hz frequency and hence after a time of 1 h 54 min, whereas the numerical prediction performed by equation (3) had forecast the corresponding values of 137 578 cycles and 1 h 48 min, which were reported in columns 6 and 7 of Table 2 and shown in Fig. 2(a) . Furthermore, the validity of the analytical models adopted to simulate the behaviour of the damaged beam, equation (4) , and the flexibility of the cracked section, equation (6), was confirmed by the agreement of the above-mentioned results with those obtained through the mixed analytical/experimental method governed by equations (4)- (6) .
Analogous considerations could be presented for the steel specimen by comparing experimental measurements and numerical predictions. The former were reported in columns 4 and 5 of Table 2 and shown in Figs 3(b) and 4(b) , indicating that the desired crack length of 6.5 mm was attained after the repetition of 110 000 cycles at 20 Hz frequency and hence after a time of 1 h 31 min; the latter had forecast by equation (3) the corresponding values of 100 583 cycles at a duration of 1 h 23 min (see columns 6 and 7 of Table 2 and Fig. 2(b) ).
FREE RESPONSE TO IMPACT LOADING
Experimental tests
The free-vibration dynamics of the cracked beams of section 2 was then both experimentally and analytically investigated in order to detect the presence of damage; the frequency reduction due to local flexibility increase revealed the defective characteristics of the structural elements under examination [39] [40] [41] ; moreover, numerical and physical results were compared by means of a suitable finite element model of the cracked beams, accounting for local flexibility increase by means of a bilinear rotational spring. The experimental set-up was described and the impact hammer test results of cracked and intact beams were studied and compared.
As far as the experimental tests were concerned, an accurate preparation work was accomplished in order to guarantee a simple but efficient overall setup and to ensure that the whole assembly gave repeatable results when dismantled and reassembled again [42] . The beam structures were tested grounded, in other words fixed to a base sufficiently rigid to provide the necessary grounding: a rigid steel table fixed to the ground (i.e. the floor) by bolting was used as a base. The flexibility of the base itself and its dynamic behaviour over the frequency range of the detection tests were studied by a specific FEM model, constituted by 130 frame elements (Fig. 7) , and by a dedicated experimental free vibration test, performed by a PCB instrumented impact hammer.
The experimental study revealed that the first natural frequency was equal to 9.09 Hz and that the second natural frequency was equal to 14.29 Hz, while the FEM model exhibited slightly different values, the offsets of which were less than 2 per cent ( Table 3 ). The frequency values were nearly equal to one-fifth and one-third respectively of the first natural frequencies of the aluminium alloy beam and to one-ninth and one-sixth of the first natural frequencies of the steel beam (the evaluation of which will be detailed below). Free vibration tests were performed in order to evaluate the natural frequencies of the aluminium alloy and steel beams; thus, the natural frequencies of the base were checked to be far enough from the resonances of the beams in order not to affect the dynamic responses of the beams themselves.
The beams were clamped to the base by means of two adjacent fixed hinges in order to obtain an overall cantilever constraint in the longitudinal plane as shown in the scheme of Fig. 8(a) and in the picture of Fig. 8(b) . The hinges were obtained by machining a steel plate in four V-shape supports with chamfered edges in order not to incise the specimens under testing; every bolt above and below the supports (Fig. 8) was tightened by torque wrench. The cracked beams were constrained so that the previously 6.5 mm propagated cracks were positioned at one-fourth of the free length of the beams (i.e. one-fourth of the beam length away the second hinge). The specimens were struck by an impact hammer (PCB) with a Teflon tip at their free ends and the responses of check points were recorded. The quality of the strike was checked via visual monitoring of the hammer input signal during the tests to avoid multiple impact instead of a single impulse. The beams were instrumented by ( Fig. 8): (a) three PCB 50 g full-scale piezoelectric accelerometers, positioned respectively next to the crack (A3), at the mid-span (A2), and on the tip (A1); the precision of the accelerometers was equal to ¡0.6 per cent; (b) one electrical resistance strain gauge (Tokyo Sokki Kenkyujo Co., precision: ¡0.25 per cent) next to the second hinge (E1).
Furthermore, the hammer was supplied by an internal force sensor; therefore, the recorded signals were the time-histories of the accelerometers, of the strain gauge, and of the hammer itself. The signal processing equipment provided the records of all these signal data and was constituted by: These set-ups guaranteed an optimal signal processing, in order to obtain precise experimental responses. Indeed, the experimental results were shown in terms of frequency (via spectral analyses), time histories, and phase planes, which needed a clean signal to be evaluated correctly.
As for the description of the experimental results, the free responses of the beams to impact loading were analysed and showed as (a) natural frequencies; (b) structural damping ratios.
Any one of the recorded signals exhibited the same characteristics, which follow; hence the presentation of the results was limited to the tip acceleration, for simplicity's sake.
The fast Fourier transform (FFT) of the signals
was performed and enabled the system frequencies to be calculated: the first natural frequency was equal to 43.2 Hz for the healthy beam and 42.3 Hz for the damaged one in the case of the aluminium alloy material, while the frequency values were 84.7 Hz for the uncracked beam and 82.5 for the cracked one in the case of the steel. These results were summarized in Table 4 (experimental uncracked, experimental cracked) and plotted in Fig. 9 , where the tip acceleration spectra for the intact and damaged beams can be easily compared in a normalized scale. A noticeable decrease of the natural frequencies occurred due to the crack presence: the percentage decreases of the first frequency of the cracked beams in comparison with the intact ones were 2.1 per cent for the aluminium alloy beam ( Fig. 9(a) ), and 2.6 per cent (slightly larger) for the steel one ( Fig. 9(b) ), as shown in the sixth column of Table 4 . 2. The damping ratios j of the structural systems were evaluated by the method of the logarithmic decrements d between two peaks of the experimental response curves, according to the following expression [43] j~d ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 4p 2 zd
where x 0 is the amplitude of a chosen peak and x n is the amplitude of a peak n periods away. As Table 4 , the damping ratios increased in the damaged beams: from 1.22 per cent of the intact beam to 1.29 per cent of the cracked one for the aluminium alloy material, showing a +5.7 per cent increase rate; and from 0.81 per cent of the uncracked beam to 0.86 per cent of the damaged one for the steel material, performing +6.2 per cent increase rate, as shown in column 7 of Table 4 .
Numerical modelling
In order to simulate and predict the experimental results, the structural assemblage sketched in Fig. 8 was modelled as a mono-dimensional system and discretized by means of Euler beam finite elements with two degrees-of-freedom in the x-y plane nodes: in particular, 19 finite elements and 21 nodes were implemented for the aluminium alloy beam and 15 finite elements and 17 nodes for the steel ones. Geometrical and material data were taken according to Table 1 for both aluminium alloy and steel beams, while the supports were represented by two fixed inplane hinges. The dynamic analyses were worked out using the Adina 8.1 package. The crack was 'breathing', i.e. the crack opened and closed in the time-domain while the beam was vibrating. Thus, the crack was idealized as a bilinear spring, characterized by two different stiffnesses: the stiffness of the intact beam, k c , when the crack is closed, and a suitably lower stiffness, k o , when the crack is open. The stiffness of the bilinear spring in the opening phase, which was introduced into the FEM model, was given by equation (6) The first natural frequency f b of this particular system could be evaluated introducing the so-called 'bilinear frequency' [44] 
where f c and f o could be considered the first natural frequencies of the two subsystems with a constantly closed or open crack respectively, i.e. with linear springs of k c and k o elastic constants. An impulsive force was applied at the beam tips and the problem of analysing the system free responses was solved by implicit time integration, via the Newmark method and the full Newton iteration scheme.
Also, for this numerical case, the spectral analyses of the response signals were performed via FFT and the presentation of the normalized results is limited to the acceleration of the beam tip (Fig. 10) .
The first natural frequency of the intact beams was just equal to the closed crack frequency f c , while the first natural frequency of the cracked beams was equal to the bilinear frequency f b . The values of these frequencies are reported in Table 5 (numerical uncracked, numerical cracked): the first natural frequency f c of the intact aluminium alloy beam was equal to 43.1 Hz, while the value of the first bilinear Furthermore, the percentage decreases of these first frequencies owing to the crack occurrence are reported in column 4 of Table 5 : in other words, the decrease rate was equal to 2.2 per cent for the aluminium alloy beam and 2.7 per cent for the steel one.
Comparison between experimental and numerical results
The implementation and development of the numerical models were conducted with a model updating methodology. The tuning of the model parameters were performed in order to obtain a numerical model that could actually simulate the experimental dynamics. This achievement allowed a model to be generated and tuned that was effectively predictive of the real behaviour of the system and was able also to simulate the system responses in a different and wider dynamic range. The model updating was validated by the comparison between the first numerical and experimental frequencies of the cracked beams, as shown in Fig. 10(a) for the aluminium alloy beam and in Fig. 10(b) for the steel beam, and was highlighted in Table 5 for the uncracked (column 5) and cracked (column 6) beams of both materials. In fact, for both aluminium alloy and steel beams, the differences between the numerical and experimental values of the first frequencies were no larger than 0.4 per cent for both cases of intact and damaged beams.
The achievement of a dynamically reliable model enabled the system dynamics to be predicted as in very good agreement with experimental results. As far as the aluminium alloy beam was concerned, the numerical decrease of the first frequency of the cracked beam in comparison with the intact one (22.2 per cent), in column 4 of Table 5 , was approximately equal to the decrease (22.1 per cent) experimentally measured (column 6 of Table 4 ). The steel beam exhibited a quite similar behaviour; in fact, numerical computing provided a decrease of 2.7 per cent, in column 4 of Table 5 , for the first natural frequency of the damaged beam with respect to the uncracked one, where the corresponding experimental result was 22.6 per cent (column 6 of Table 4 ).
CONCLUSION
The first main goal of this paper was the experimental initiation and propagation of an actual fatigue crack, in order subsequently to perform damage detection. The tests were extended to beams made up of two different materials, namely, aluminium alloy and steel. Furthermore, the experimental tests were reliably predicted by means of a numerical model based on the integration of the ParisWalker equation; in addition to the on-site measurements by travelling microscope, these tests were constantly controlled by means of two original parameters. More explicitly, during the fatigue growth tests, the length of the crack was predicted by matching experimental online displacements and loads with the deflections calculated through an analytical model; in fact, a simply supported beam having a rotational spring at mid-span simulated the local flexibility reduction due to the propagating crack. Simultaneously, the discrete jumps of the electrical signal denounced the damage progression in a crack propagation gauge.
In the second part of the present work, the structural system was subjected to impact loading, and the subsequent free motion was experimentally investigated and numerically simulated, accounting for the presence of a breathing crack. A damage detection method was used which was based on the decrease of the natural frequencies and on the increase of the damping in the structural system. This method had been applied already, and had shown some limitations from the quantitative point of view. In fact, the variations of certain parameters might be affected by disturbances contained in the response and due to material imperfections, constraint conditions, electrical signal noises, etc. Furthermore, the described method could include the study of the higher vibration modes and not only the first ones, even if the detection efficiency might decrease as frequency increases [39] . However, the present paper addressed not a narrow slot, which is characterized by a permanent decrease of local stiffness, but rather a 'true' fatigue crack, which 'breathes' during vibration. A structural system containing this type of crack exhibits strong nonlinear behaviour because, unlike the narrow slot, the two surfaces of the crack can interact at the closure time. Thus, even if the adopted method allowed the differences of two linear parameters, namely, natural frequencies and damping, to be estimated quantitatively, it seemed to work well also in the nonlinear scenario related to the breathing crack.
In summary, the authors' intent was theoretically to design and actually implement a unified and integrated procedure which was able (a) to produce an actual fatigue crack (not a saw cut, as usual) by integrating in an original procedure both numerical predictions and experimental controls, and (b) to detect online a true breathing crack (not a slot, as usual) by applying linear methods (modal parameters) to nonlinear phenomena (breathing cracks).
Generally speaking, the immediate development of the methods for detection of 'breathing' cracks seemed directly to investigate the nonlinear aspects which characterize the forced response of the structural elements to harmonic excitation. In this way, one could shift from the merely quantitative linear analysis to the qualitative (and also quantitative) analysis of the nonlinear response, and hence develop a fully 'nonlinear' detection method. 
